INTRODUCTION
Over 40% of the nation's bridges have been classified as structurally deficient or functionally obsolete, with the estimated cost of repairs running in the billions of dollars [1] . It would not be economically feasible to replace all of these structures. Therefore, quantitative assessment of bridge condition is needed to determine which structures need replacing and which are safe.
The measurement of fatigue loading in a bridge structure is useful for such purposes. Currently, there are systems to measure fatigue loading using strain gages [2] . However, strain gages can be time consuming to install because surface preparation is required. Paint removal may be necessary as part of surface preparation. Lead-based paints are considered hazardous waste and as a result require many time consuming procedures to remove. Therefore, there is a need for a device that measures fatigue loading in a bridge with minimal installation time and minimal safety precautions. Ultrasonic techniques using electromagnetic acoustic transducers (EMATs) provide a possible solution to this problem. The potential use of ultrasonics to measure stress has been known for decades [3, 4] , A change in stress results in a change in ultrasonic velocity (the acoustoelastic effect). In the case of a bridge, the measurement of applied stress due to vehicular traffic, or "live loads," is important; the residual stress need not be measured. This eliminates the problems of texture and material inhomogeneity which have been obstacles to residual stress measurements using acoustoelasticity [5] .
However there are other aspects which make this problem challenging. Most bridge applied stresses are below 14 MPa (2 ksi). Therefore, stress must be measured in steel with a resolution of approximately 1.4 MPa (0.2 ksi). For steel the corresponding strain resolution required is about 6 micros train. Because the stress-acoustic effect is small [5] , this resolution requires measurements of changes in velocity on the order of parts per million. This can be done in a laboratory setting by averaging enough data to suppress the effects of noise. However because vehicle traffic will cause bridges to vibrate at resonant frequencies on the order of several hertz, practical field measurements must be done more rapidly.
Since EMATs are noncontact transducers, they can work on rough, pitted, and rusted surfaces. Also, they operate through nonconductive paint and through small thicknesses of conductive paints. Strong magnets are used as part of an EMA T; therefore, when used on steel bridges the transducer itself can be used as part of the fixturing.
The disadvantage of EMATs is that they are less efficient than piezoelectric transducers. As a result, more attention is required to signal-to-noise issues. This is especially important when measuring time-varying stresses. It is nontrivial to achieve arrival time precision of parts per million when relatively high sampling rates are required. Also, EMATs will operate only on conductive materials, such as steel or aluminum. However, because a large number of bridges are made with steel, the EMAT is still a possible solution.
The fatigue loading indicator is made up of two sections; see Figure 1 . The first section measures the applied stress in the specimen. The second processes these data and determines the number of constant amplitude fatigue cycles seen by the structure.
ULTRASONIC THEORY
The acoustoelasticity theory for RW propagation has been developed in references 6-9. For RW propagating at angle e to the principal stress direction,
where S = sum of principal stresses and D = difference of principal stresses, dV is change in velocity due to stress, and ~ is the shear modulus. The coefficients Al and A2 are functions of Poisson's ratio and the third-order elastic constants [8, 9] . Suppose that the transit time T is measured with transducers fixed on the surface of a specimen in uniaxial tension. Then
where e is the strain in the direction of wave propagation. Since strain is a tensor and dVN is a function of wave propagation angle, we can rewrite equation (2) as
where F (8) is defined as the sensitivity factor. For a bridge girder in bending, the stress at the surface is uniaxial. From values of Poisson's ratio and the third-order moduli of steel [10] we can estimate that the maximum sensitivity factor is about 1.2 and occurs for propagation in the direction of bending stress in the bridge girder, which is along the length of the girder.
By placing the EMATs on the surface rather than in a fixture we enhance our sensitivity by about an order of magnitude, because the strain effect is about an order of magnitude greater than the acoustoelastic effect in equation (2) . As a practical matter this is an advantage since the EMATs can be placed directly on the bridge and move with it. The mechanical design requirements are thus greatly simplified
The presence of stress and/or magnetic field changes the size of magnetic domains and resultant strain. If the magnetic state is altered equation (2) will become
where e is the strain predicted by classical elasticity, em is an additional strain due to magnetostriction, dVN is the (normalized) velocity change from equation (1) for the acoustoelastic effect, and dV rrfV is the perturbation due to the magnetoelastic effect.
Even at constant magnetic field, the change in velocity due to the magnetoelastic effect can have nonuniform increments [11] . Hence dV Jde may not be constant. This could cause errors in stress resolution. Whether or not this will occur depends on factors such as: steel type, magnetic field, and stress range. Therefore, calibration on one kind of steel may not be valid on another. For example data from reference 11 show that there can be different sensitivities (at least for longitudinal waves) for different steels.
Even if we can calibrate F for the same type of steel used in the bridge, the magnetic state may change if we have a different "magnetic circuit." This could happen if the bridge had a thickness of I-beam flange different from that of the calibration specimen (for example if some of the flux fringed through the flange).
A sufficient condition for having negligible magnetic artifacts is that the results be repeatable when the magnetic state is changed. For example, we discuss later experiments where we first measured the angular variation of F with one set of EMATs and then repeated with another. Clearly there will be some residual magnetic effects from the first
EXPERIMENTAL PROCEDURE
We used two kinds of RW EMATs. One type operated at about I MHz and consisted of a meanderline etched on the back of a titanium wearplate. It had a permanent magnet with footprint 25 mm x 25 mm. The second EMAT type operated at 0.5 MHz and had a magnet footprint 51 mm long x 25 mm wide. We used both types of EMATs since there will be tradeoffs. The higher frequency version will be more subject to decrease in amplitude due to surface roughness. However it is more compact than the 0.5 MHz version.
In one of the 1 MHz EMATs the north pole is down. The south pole is down in the other one; we anticipate that this may result in flux linkage through our steel specimens if these EMATs are placed close together. In the 0.5 MHz EMATs all north poles are down.
One test specimen was an A-36 I-beam with a flange width of 165 mm, flange thickness of 9.5 mm, and beam depth of 197 mm. This is a common grade of steel used in bridge construction. The other specimen was a C-Mn steel in the form of a flat plate 25 mm thick and 250 mm wide. The I-beam simulated a real bridge girder. To allow us to obtain a large strain range (which gives better accuracy for determination of dT/de) we had to require that the flange be relatively thin. The steel plate was used because it allowed us to study any effects of thickness on the possible magnetic artifacts.
The specimens were tested in four-point bending, to give a large region of uniform stress over which to propagate waves at different angles. Strain gages were bonded in the center of our specimens. To avoid any out-of-plane bending the top and bottom surfaces of the I-beam were ground flat and parallel. Under manual control the strain in the specimens was increased and then decreased in uniform increments.
In a plane wave we have the relation dTIT = dPIP where P is phase due to wave propagation. To measure changes in arrival times due to applied stress we used a sweptfrequency, phase-sensitive instrument (under computer control) whose operation is described in detail in reference 12.
In a typical experiment we program the computer to average a certain number of arriving RW signals. We then determine the phase at zero load. We next change the strain and measure a new value of phase. In this way we determine dP with respect to the zeroload state. After performing measurement of dP for various strain increments we next measure the absolute phase, P. To do this we perform a frequency sweep and measure P, which equals 21tft plus artifacts, over the frequency range. The computer then calculates the slope dP/df. We claim this equals (with sufficient accuracy) 21tT; the justification is given in reference 13. To obtain P we mUltiply dP/df by the frequency f at which dP was measured.
To measure the sensitivity factor we used the following procedure. We aligned our EMATs along a particular direction, loaded the specimen and measured the resulting dP/de. We next obtained the correct value of P by the frequency sweep procedure described above. We then calculated the sensitivity factor F= (dP/P)/de for the particular angle. We then repeated the sequence for other angles of propagation.
From the measured values of the sensitivity factor at 0° (along specimen axis) and 90° we calculated the values of Al and A2 in equation (1). Then we calculated the "predicted" values of the sensitivity factor at intermediate angles and compared with our measured values.
RESULTS
We used only the 1 MHz RW EMATs on the I-beam sample since the 0.5 MHz version will generate Lamb waves. The measurements of dP/de were essentially constant over the range of strain used. This indicates that any contribution to F due to the magnetoelastic effect (through the term dV m in equation (4» is constant over this strain range.
The results of our measurements of F appear in Figure 2 where excellent agreement between measured and "calculated" values is seen. The sole exception is at 60°; however, this is a location of low sensitivity where artifacts would be expected to be relatively important. As a practical matter the "ultrasonic strain gage" system would operate with RW propagation in the direction of maximum sensitivity. Clearly this is the 0° direction, where F = 1.26.
1.4
'"-- Figure 3 . Change in phase due to load increments of 10 11£, 20 averages. Figure 3 shows changes in phase that result from load increments of 10 11£, with 20 signal averages for each phase measurement.
MAGNETIC EFFECTS
We obtained similar data for the steel plate, using both EMATs. The data show the same overall trend in the angular variation but with an almost constant shift. For constant angular variation the same values of A2 should have been obtained for the data sets; from equation (1) we see that A2 determines the amplitude of F. (The effect of dispersion is too small to cause this shift.) The constant shift will be the result of different values for A j, which multiplies the only term in equation (1) independent of angle; Aj gives the "dc" level. We list the values of A j, A2, and the maximum values of F in Table 1 below. This table suggests that A2 is approximately constant. Aj varies between experiments, with values of Aj closer for the experiments with 1 MHz EMATs used on the I-beam and plate.
If magnetic artifacts are occurring their effect appears to be independent of angle. This is encouraging, since in our experiments it appears as if the magnetic artifacts depend mostly on the type of EMAT used and not on the previous magnetic history of the sample. If artifacts depended on history we might expect that A2 would vary since we have moved the EMATs from one angular orientation to another in the course of our experiments. The constancy of A2, the close agreement for the maximum values of F for I-beam and plate for the 1 MHz EMATs and the variation in F between the 0.5 and 1 MHz EMATs suggests that magnetic effects are primarily dependent on the magnets used in the transducers. A possible explanation is that the magnetic state has changed because of the difference in magnet orientation of the two EMAT types.
FATIGUE LOADING ALGORITHM
Real bridge structures will experience variable amplitude stress cycles, which need to be converted to an equivalent number of constant amplitude stress cycles. Miner's rule is a common algorithm for this purpose [14] . (5) where ni are the number of cycles at amplitude Sri and N is the total number of cycles measured.
For this algorithm, the measured stresses are divided into histogram "bins" with usual intervals of 3.5 MPa. Therefore, errors in determining Sri can cause counts to migrate into incorrect histogram "bins." Three main types of errors, systematic (due to calibration of F), random noise, and sampling of the stress peaks, have been examined. A complete description this error analysis is found in reference 13. For typical bridge data it appears that random errors and errors due to sampling are negligible. The most significant error is the error due to calibration of the sensitivity factor, F.
CONCLUSION
We have performed RW measurements of applied stress in four-point bending with steel specimens. These measurements were designed to prove the concept of ultrasonic monitoring of fatigue loading of highway bridges. To avoid potential problems with surface preparation, changes in couplant properties, etc. we used noncontacting EMATs.
We found that the maximum sensitivity factor occurred for propagation along the beam axis. There was also a constant shift of about 10% in the angular variation data for the different steels as measured with the same EMATs. We also found about a 30% difference in maximum sensitivity for the same specimens (steel plate) as measured with our different EMATs. The most likely cause is change in magnetic state. Therefore, it may be prudent to use an installation procedure whereby the magnets are placed only once and never moved during the test. In addition it might be useful to design the field instrument with a closed magnetic circuit which will keep most of the fringing field out of the measurement area. Changes in magnetic state will cause the most significant errors in field measurements. Consequently we conclude that a properly designed EMAT-based system should be capable of achieving the desired stress resolution for field applications.
